We study the quasi-bound state and the transport properties in the T-shaped graphene nanoribbon consisting of a metallic armchair-edge ribbon connecting to a zigzag-edge sidearm. We systematically study the condition under which there are quasi-bound states in the system for a wide range of the system size. It is found that when the width of the sidearm is about half of the width of the armchair leads, there is a quasi-bound state trapped at the intersection of the T-shape structure. The quasi-bound states are truly localized in the sidearm but have small continuum components in the armchair leads. The quasi-bound states have strong effect on the transport between the armchair leads through the Fano effect, but do not affect the transport between the armchair lead and the sidearm.
I. INTRODUCTION

Graphene,
1 a two-dimensional single layer of carbon atoms packed into a honeycomb lattice, has aroused enormous interest in recent years due to its intriguing properties.
2-5 Particular efforts have been devoted into the graphene nanoribbons (GNRs), [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] quasi one dimension ribbon like structures resulted from the finite termination of the graphene with two different possible edge geometries, namely armchairs and zigzags. Since GNRs have a tunable band gap sensitive to the size and geometry, they are good candidates for the possible electronic and spintronic devices, such as the field effect transistor, 8, 10 the spin filter and spin transistor. 7, 9, 12 To realize these devices, it is required to manipulate the transport through the GNRs in a controllable manner. Among various schemes, to modulate the transport using different shapes of GNRs, e.g., U-shaped, S-shaped, and T-shaped are of particular interest. 9, 10, 13, 17, 18 In the T-shaped GNRs, the possible (quasi-)bound states trapped at the intersection due to the T-shaped confinement 9, 19, 20 provides another channel to modulate the transport through the Fano effect, [21] [22] [23] [24] which stems from the interference between the path through a discrete state and the path through a continuum when the discrete state embeds in the continuum. The localized states in T-shaped structures composed of the conventional semiconductor quantum wires have long been studied. 19, 20, [25] [26] [27] [28] [29] [30] It is shown that there is one bound state lying below and one quasi-bound state embedding in the lowest conduction band. The existence of the quasi-bound state results in the asymmetrical dip in the energy dependence of the conductance, which is the character of the Fano effect. [27] [28] [29] [30] Since the GNRs have much more complex band structures which strongly depend on the geometry and ribbon size, 31,32 the T-shaped structures consists of GNRs are expected to have more complex behaviors. Recently, the quasi-bound states are shown to play an important role in the transport through the zigzag GNR in the T-shaped GNR structure consisting of a zigzag GNR connected to an armchair sidearm. However, in the T-shaped GNR structure consisting of a metallic armchair GNR connected to a zigzag sidearm, which is more interesting for transport since the lowest excitations in the gapless armchair GNRs are massless Dirac fermions whose spectrum is linear with the momentum, the existence of the (quasi)-bound states have not yet been studied. If the (quasi-)bound states exist, they have to embed in the continuum due to the gapless band structures of both the armchair GNR and the zigzag sidearm. Therefore, these states are expected to greatly affect the transport of the Dirac fermions through the armchair GNR through the Fano effect.
In this work, we systematically investigate the quasibound states and the resulting Fano effect in the Tshaped GNR consisting of a metallic armchair GNR connected to a zigzag sidearm. We list the condition of the existence of such quasi-bound states for a wide range of ribbon size and study the effect of these states on the transport.
II. MODEL AND FORMALISM
The T-shaped structure we study is composed of an armchair GNR of width M connected to a sidearm of width N ws , as schematically illustrated in the Fig. 1 . We divide the system into four parts, the left, right and top leads as well as the central junction. The Hamiltonian of the system consists of the Hamiltonians H α (α = L, R, T, J) for each part and their couplings H C . Using the tight-binding model under the nearestneighbor approximation, the Hamiltonian are written as Here, t is the hopping parameter 33 and ε 0 , set to 0, is the on-site energy. i, j denotes that the sum is restricted to the nearest neighbors.
Within the Landauer-Büttiker framework, 34 the transmission amplitude of the electrons with energy E between leads α and α ′ is
where G r/a and Γ α are the retarded/advanced Green's function and the tunneling rate matrix, respectively. The retarded Green's function is given by
in which, Σ r α represents the retarded self-energy matrix. It can be expressed as Σ r α = τ † α g r α τ α , with g r α and τ α being the retarded surface Green's function of lead α and the hopping matrix between the lead α and the central junction J. 35 Similarly, one can write down the advanced Green's function. The surface Green's function can be calculated through an iterative scheme. 36 The tunneling rate matrix can be obtained from the self-energy,
The quasi-bound state is studied by diagonalizing the Hamiltonian H J numerically. The quasi-bound states can also be shown through the local density of state (LDOS), which can be obtained from the Green's function.
III. RESULTS
A. Localized states
We first study the existence conditions of the quasibound states located at the intersection of the T-shaped GNRs. The states we are interested in are the ones whose eigen-energies are lower than the edges of the second subband of the leads. They are picked out according to the following rules: (1) the probability density of the state concentrates at the intersection; (2) the state is insensitive to the boundaries, that is, the state undergoes small changes when the lengths of the central junction (N a or N s in Fig. 1 ) change. We find that the quasi-bound states exist in the structures only when the width ratio between the armchair GNR and sidearm is in certain regime. The conditions under which the quasi-bound states exist are listed in Table I for a wide range of the armchair GNR width M , together with their eigenenergies. To show that these states are indeed trapped at the central junction, we plot the probability density for the quasi-bound state in Fig. 2 for a typical T-shaped GNR structure with M = 23, N ws = 11. One sees from the figure that for this state the electron indeed concentrates at the intersection. Moreover, the wave-function decays exponentially along the sidearm, but its amplitude along the two armchair GNRs is finite although small which implies that the state is a quasi-bound state. The localized components of the quasi-bound states, whose energy is below the second sub-band edges, mainly come from the second sub-band of the GNRs. 25, 26 Therefore, the probable condition for the quasi-bound state to exist is when the second sub-band edges of both the armchair GNR and the zigzag sidearm are comparable. In our setup the optimal condition for the quasi-bound states which is when N ws is about M/2, as it can be seen from Table I .
B. Transport properties
We now investigate the transport properties of Tshaped GNR structure. We concentrate on the energy range near the Dirac point. In Fig. 3(a) In the energy regime shown in the figure, there are only shallow dips for N ws = 9 and 12 at E F = 578 meV and E F = 487 meV, which are the second sub-band edge of the horizontal GNR for N ws = 9 and that of the sidearm GNR for N ws = 12, respectively. The shallow dips at the sub-band edges are strongly related to the opening of new conduction channels, which can be clearly seen from the boost in T LT accompanying these dips in T LR as shown in the lower panel of Fig. 3(a) . From the lower panel, one can also see that the quasi-bound states do not have any impact on the transmission between the left lead and the sidearm T LT , since the quasi-bound states are localized along the sidearm. Additionally, the localization of the quasi-bound states is also identified by the local density of state in Fig. 3(b) and (c).
It should be further noted that the sharp dips caused by the Fano effect when the quasi-bound states exist should be distinguished from the ones due to the structure anti-resonance in the T-stub GNRs, i.e., without the lead connected to the sidearm. 23, [37] [38] [39] [40] [41] In Figure 4 (a) the transmission amplitudes T LR for different sidearm lengths are plotted as functions of the energy for the T- stub GNR structure with M = 23 and N ws = 11. One sees that apart from the sharp dip at E F ≃ 526 meV caused by the quasi-bound state trapped at the central junction for all sidearm lengths, there are dips caused by the structure anti-resonance due to the resonance states in the T-stub. 23, [37] [38] [39] [40] [41] Unlike the dip due to the quasibound state, the structure anti-resonance dips are sensitive to the sidearm length. To distinguish the quasibound state and the anti-resonance states, we also plot the LDOS corresponding to the Fano dip and a structure anti-resonance dip when N s = 200 in Figs. 4(b) and 4(c), respectively. It can be clearly seen that the quasibound state mainly concentrates at the intersection and while the anti-resonant state spreads over all of the entire sidearm. 
IV. SUMMARY
In summary, we have studied the quasi-bound states and the transport properties in the T-shaped GNR composed of a metallic armchair GNR and a zigzag sidearm. We systematically study the existence of the quasi-bound state in this structure for a wide range of the system size. We find that there are quasi-bound states when the width of the armchair GNR is about twice of sidearm width. The quasi-bound states are trapped at the intersection of the T-shaped junction and are truly localized along the sidearm direction. The quasi-bound states have strong effects on the transport between the two armchair leads but have no effect on the transport between the armchair lead and the sidearm. Due to these quasi-bound states, the Fano effect manifests through a characteristic dip with an asymmetrical line sharp in the energy dependence of transmission between the armchair leads.
